ABSTRACT A wideband small-footprint circularly polarized Fabry-Perot resonator antenna is presented in this paper. The design employs a partial reflecting surface (PRS) consisting of thin homogeneous dielectric slabs separated by a small air gap. The PRS is analyzed using transmission line theory, which gives more insightful into the theoretical concept and provides a simple tool for design and optimization. An antenna prototype with overall size of 1.2λ f min × 1.2λ f min × 0.6λ f min has been fabricated and experimentally validated (λ f min being the free-space wavelength at the minimum operating frequency). The measured impedance matching and axial ratio bandwidths are approximately 55.7% and 47.7%, respectively. In addition, the antenna achieved 3-dB gain bandwidth of 50.9% with a peak gain of 15 dBi. Compared to previous designs targeting similar applications, the antenna proposed here possesses a simple geometry with light weight, ease of optimization and fabrication, as well as enhanced axial ratio bandwidth and 3-dB gain bandwidth.
I. INTRODUCTION
Circularly-polarized (CP) antennas with high gain are particularly desirable for satellite communications. As high-gain radiators, the Fabry-Perot resonators (FPR) have attracted significant attention due to their simple configuration, i.e. with only an additional partially reflecting surface (PRS) structure, and straightforward feeding technique, i.e. possibly with a single-fed excitation [1] . To achieve CP radiation, the FPR antennas are typically designed using two different techniques. First, feeding networks that generate CP radiation have been used in [2] and [3] with the combination of frequency-selective surface (FSS). Second, to avoid the feeding network, the FSSs have been deliberately designed to convert an LP source to CP radiation in [4] - [8] . Several recent techniques for converting LP to CP can be found in [9] and [10] .
One main drawback of FPR antennas are their typical narrow bandwidth [11] - [15] , which is due to the monotonic behavior of the PRS's phase response. The narrow-band characteristic has been overcome with several methods proposed recently. The general principle is to provide a positive phase gradient in the PRS response [16] . Based on this, multilayers of FSSs and dielectric slabs have been studied extensively to achieve this type phase response [17] - [23] . It is noted that for designs using homogeneous substrates [21] - [23] , half-or quarter-wavelength dielectric slabs separated also by half-wavelength of air-gaps were required. Other unconventional methods can be mentioned as utilizing shape-modified ground plane [24] or higher-order resonance of the cavity [25] . Recently, the authors have demonstrated that for truncated PRS, which is desirable for compact smallfootprint antennas, a combination of very thin layer of dielectric substrate placed closely to each other can generate a very wide LP bandwidth [26] . This type of PRS only needs to exhibit a resonance at the center frequency, as preliminarily demonstrated in [27] . This paper unites the concepts in [26] and [27] , aiming at providing a systematic analysis using transmission line theory to give insightful into the theoretical concept. Finally, by employing a wideband CP primary radiator based on a crossed dipole antenna, we will demonstrate a simple, compact, lightweight CP FPR with significantly enhanced axial ratio bandwidth and 3-dB gain bandwidth compared to the available designs in literature. A straightforward design procedure will also be provided for this type of antenna.
II. ANALYSIS OF THE RESONANCE PRS
This section will study a special class of resonance PRS, which consists of single or multilayer of homogeneous dielectric slabs. It will be shown in Section III.B that this type of PRS is well suited for small-footprint FPR antennas with very wide 3-dB gain bandwidth.
For completion, we first provide the well-known phase criterion for the FPR antenna [1] . Let ω = 2π f be the angular frequency and h r be the cavity thickness. The gain of the antenna will be significantly improved if the reflection phase of the PRS φ PRS = PRS is equal [1] 
A. WIDEBAND OPERATION USING RESONANCE SINGLE-LAYERED PRS
The PRS considered here is a single-layered dielectric slab with the thickness of h. To obtain the reflection response of the PRS, a simple transmission line equivalent circuit can be used as shown in Fig. 1 . The reflection response PRS is calculated by first obtaining the input impedance Z in
and
where Z 0 and Z 1 are the characteristic impedance of freespace (air) and dielectric, respectively (Z 1 = Z 0 / √ r ); β 1 is the phase constant in the dielectric; r is the relative permittivity of the substrate. Figure 2 shows the calculated reflection phase and magnitude for the case of h s = 0.25λ subs and h s = 0.5λ subs where λ subs is the wavelength at the resonance frequency in the dielectric. When h s = 0.25λ subs , the phase decreases monotonically with a flat magnitude response. When h s = 0.5λ subs , the reflection magnitude is zero at the resonance frequency | PRS (ω r )| which cause a phase jump of π, i.e. 180 • . This is because when | PRS (ω r )| = 0, both real part and imaginary part of PRS is zero. When the frequency changes from ω − r to ω + r , both real and imaginary parts switch their signs, which makes the phase change by π . This jump of 180 • locally at ω 0 guarantees that the line φ(ω) always cut the phase (ω) at additional points, where the antenna gain is significant enhanced according to (1) . This will, in turn, increase the gain bandwidth of the FPR antenna as similarly as in [17] - [23] . It is noted the analysis here can be used to explain the structure presented in [27] , which only includes preliminary simulated results.
For a single substrate, a zero reflection can only be obtained when the thickness of the substrate is at least halfwavelength [28] . This can be easily understood using a Smith Chart as shown in Fig. 3 . First, the load impedance, i.e. characteristic impedance of free-space (air) Z 0 , is normalized to the impedance of the transmission line Z 1 as
Through a half-wavelength transmission line, the impedance travels exactly one circle, i.e 2π rad, back to the same position. This impedance is then normalized again with the characteristics impedance of the air z 2 = z 1 × Z 1 /Z 0 = 1. Thus, the reflection coefficient is zero for the case of half-wavelength substrate. This Smith Chart analysis will be used again in a more sophisticated case in the next section.
B. DESIGN OF A COMPACT PRS
As demonstrated above, a resonance PRS can potentially provide wideband performance for the FPR antenna. In this section, we will show that a more compact, lightweight PRS of two thin substrates separated by an air gap can also provide this response.
First, the proposed structure of the PRS can be modeled as three cascaded transmission lines as shown in Fig. 4 . The thickness of the two substrates are H 1 and H 2 , respectively and the length of the air-gap is G. For simplicity, the two substrates have the same relative permittivity of r . Nevertheless, the analysis can be applied to two different substrates. Figure 5 shows the reflection characteristics calculated using transmission line model. To validate the calculation, the structure is also simulated with the Superstrate Reflection Model (SRM) [22] and the results are also added in Fig. 5 . The chosen parameter values are H 1 = H 2 = 1.27 mm, G = 4 mm and r = 10.2. The structure exhibits a zero reflection at f r = 7.66 GHz with a phase jump of 180 • at this frequency.
The total effective thickness of this PRS is only effectively 0.3 wavelengths, which is significantly smaller than the required half-wavelength thickness for the case of using a single-substrate. To explain this, a Smith chart is used to plot the normalized impedance along the cascaded transmission line that models the PRS in Fig. 4 . It is noted that Wang et al. [23] used a Smith Chart with the impedance normalized to air impedance Z 0 in all transmission line sections. In this paper, we take a different approach: the impedance is normalized to the characteristic impedance of the corresponding transmission line. This makes the analysis more intuitive since each transmission line section with length l = aλ corresponds to traveling across the unit circle by 2a2π rad. It can be observed from Fig. 6 that the structure can yield zero reflection coefficient with a less-than-half lambda in total length, i.e. only 0.1λ subs + 0.1λ 0 + 0.1λ subs ,where λ subs and λ 0 are the wavelengths in the substrate and free-space at the center frequency, respectively. This is due to the fact that at the interface between the substrate and air, the impedance needs to be re-normalized for the corresponding transmission line, i.e. by either a factor of Z 0 /Z 1 or Z 1 /Z 0 . In the bottom half of the Smith chart, a re-normalization with a factor Z 1 /Z 0 < 1 will shift the impedance towards both smaller |Re(z)| and |Im(z)|, shown as the bottom straight dashed arrow in Fig. 6 . Therefore, this re-normalization shifts the VOLUME 6, 2018 impedance point in the Smith Chart in a negative angle, which contributes to the reduction of the PRS thickness. Further analysis results also confirm that a larger ratio Z 0 /Z 1 = √ r can give more size reduction for the PRS. In summary, the use of two thin substrates separated by an air gap can provide a similar reflection response to that of a half-wavelength single substrate. Furthermore, the proposed structure avoids using a bulky single substrate. Another advantage compared to [21] - [23] and [27] is that the thickness of the substrate can be chosen arbitrarily. The resonance frequency can be adjusted by changing the air gap size G. This makes the design much more flexible than using quarterwavelength or half-wavelength-thick substrate. In fact, at the limit of zero reflection at the center frequency, the phase jump of π can provide a significantly larger bandwidth than previous designs in [21] - [23] . This comes with a trade-off in the maximum gain that can be achieved as will be shown in Section III.
III. ANTENNA DESIGN
In this section, the final realization of the CP antenna with the studied compact and light-weight PRS will be shown first, followed by a design procedure with the aid of several key parameter studies.
A. ANTENNA GEOMETRY
The proposed compact PRS should be able to extend the 3-dB gain bandwidth of the antenna, provided that the primary radiating source also has a wide impedance bandwidth. Thus, at this stage, a wideband CP radiating source is needed. In this regard, the crossed dipole antennas [29] appear to be a good candidate due to its single feed and many available simple techniques to improve the AR bandwidth [30] - [32] . Here the crossed bowtie dipole with parasitic elements [33] is chosen for the primary radiator (Fig. 7) . Since the radiating elements are electric dipoles, the distance H from the printed dipoles to ground plane should be a quarter-wavelength. This antenna profile can be further reduced if an artificial magnetic conductor (AMC) is used as similarly to [7] . In this case, the required reflection phase of the PRS in equation (1) needs to be adjusted, which can also reduce the overall height of the cavity.
Theoretically, the distance from the antenna to the PRS is half-wavelength at the center frequency in case the antenna is placed close to the ground plane. In our design case, since H = 0.25λ 0 , the cavity size H c needs to be slightly greater than 0.5λ 0 . A starting value of H c can be empirically around the average of 0.5λ 0 and 0.75λ 0 , i.e 0.63λ 0 . This value can be tuned later for a satisfactory performance in the targeted bandwidth as shown in the next section.
B. PARAMETER TUNING
For final design, the dielectric layers for PRS are chosen as Rogers RO6010 ( r = 10.2, tan δ = 0.0023) with thickness H 1 = H 2 = 1.27 mm. The two orthogonal dipoles are printed on two sides of a Rogers R04003 substrate ( r = 3.38, tan δ = 0.0027) with thickness H s = 0.508 mm.
The crossed dipole antenna has been designed and optimized as similarly as in [33] to obtain an overlapped −10-dB impedance bandwidth and 3-dB axial ratio bandwidth from 6.9 GHz to 10.0 GHz (noting that the impedance bandwidth is likely to be improved at lower frequency with PRS). The wideband performance is obtained due to an additional CP resonance generated by the couplings between the bowtie dipole arms and the parasitic elements. The optimized parameters for this antenna is R 1 = 8,
As shown in Section II-B, the gap G is chosen as G = 4 mm for a center frequency at 7.7 GHz. At this stage, one needs to optimize W 1 , W 2 and H c (see Fig. 7b ). It is noted that the size of the ground plane does not significantly affect the antenna performance and is initially chosen as 80 × 80 mm 2 for investigation. Figure 8 shows the antenna characteristics for different values of H c . To obtain this result, the size of PRS is fixed at W 1 = W 2 = 40 mm. As expected, increasing H c tends to decrease the operating bandwidth. For satisfactory performance in the bandwidth centered at around 7.7 GHz, the cavity thickness is chosen as H c = 26 mm = 0.66λ 0 .
The effect of the dielectric slab dimensions is then investigated. Initially, the sizes of the two dielectric slabs are set equal, W 1 = W 2 = W . Figure 9 demonstrates that when varying W , the operating bandwidth and AR performance do not change much while the broadside gain is significantly influenced. This confirms that H c can be chosen first based on the operating frequency range. When W increases up to 60 mm, the absolute gain increases due to the increase in effective aperture. However, the average gain does not improve and the gain at the center frequency decreases when increasing W further than 60 mm. This is due to the trade-off that we made to obtain very wideband PRS with zero reflection at center frequency. Nevertheless, the proposed antenna still exhibits large 3-dB gain bandwidth and high average gain for W in the range of 40 − 60 mm (1.03 − 1.54λ 0 ). It also demonstrates that the proposed truncated PRS is suited for small-footprint FPR antennas.
To further optimize the antenna gain and AR, the sizes of the slab 1 (W 1 ) and slab 2 (W 2 ) are slightly tuned to obtain a better performance. The final optimized values for the dielectric slab sizes are W 1 = 45 mm and W 2 = 40 mm (final results will be shown in Section IV). This shows another advantage of using two thin substrates, i.e. the performance can be slightly tuned with different sizes of two substrates. With these two values of W 1 and W 2 , the ground plane size is chosen as 60 × 60 mm 2 (1.54 × 1.54λ 2 0 ). Based on the above study, a straightforward design process is proposed as follows.
1) Design the PRS such that it has zero reflection at the center frequency, 2) Optimize H c for the target operating bandwidth, 3) Optimize the PRS size for the largest gain, 4) Final tune all parameters, the size of two dielectric slabs can be chosen differently.
IV. MEASUREMENT RESULTS AND COMPARISON
The above-optimized antenna has been fabricated and experimentally validated (Fig. 10) . Measurement results are presented first, followed by comparisons with existing designs.
A. RESULTS
The results for the reflection coefficients are shown in Fig. 11 . The measurement agrees well with the predicted results from the full-wave CST simulations. The measured and simulated impedance bandwidths are 55.7% (5.7 − 10.1 GHz) and 59.9% (5.5 − 10.2 GHz), respectively. For the AR performance, the measured 3-dB AR bandwidth is approximately 47.7% (5.9 − 9.6 GHz) as presented in Fig. 12 . The measured 3-dB gain bandwidth reaches 50.9% from 5.7 GHz to 9.6 GHz with a peak gain of approximately 15 dBi (Fig. 12) . The far-field radiation patterns at two different frequencies, i.e. 6.4 GHz and 9.1 GHz, for the two principal xz-and yz-planes are plotted in Fig. 13 . The proposed antenna exhibits right-hand circular polarization (RHCP) in the broadside direction. A sidelobe level of less than −12 dB and a front-to-back ratio of more than 15 dB are achieved. The simulated and measured antenna efficiency is about 95% across VOLUME 6, 2018 the operating bandwidth, which is reasonable for this nonresonant antenna type at the considering frequency range.
B. COMPARISON WITH PREVIOUS STUDIES
The performances of different CP FPR antennas in literature are compared with the proposed design ( Table 1) . This includes all designs with FSSs. It can be concluded that while having a compact size, the proposed design exhibits extremely wide gain bandwidth as well as AR bandwidth. Furthermore, among the CP FPR antennas in literature, the proposed design is also simpler, i.e. without large FSS or complicated feeding structure, more flexible and lighter in terms of weight. Finally, the proposed design does not use AMC as in [7] and [8] . In fact, the antenna height can be significantly reduced using AMC as the reflecting ground plane, which is subjected for future investigation.
V. CONCLUSION
In this paper, we study a class of resonance PRS consisting of single-layer or multilayer of dielectric slabs. It has been demonstrated that this type of truncated PRS is well-suited for compact, small-footprint, lightweight FPR antenna with very wideband characteristics. A CP FPR antenna has been designed utilizing the proposed PRS with significantly enhanced 3-dB gain bandwidth and 3-dB axial bandwidth. The experimental results demonstrate that the proposed FPR antenna possesses a very wide 3-dB gain bandwidth of 50.9% with a maximum gain of 15 dBi. The measured AR and impedance bandwidths of 47.7% and 55.7%, respectively, also show a significant improvement compared to existing designs in literature. The method can be applied in different frequency ranges while the demonstrated antenna can find applications in satellite communications at C and X-bands. 
